We have achieved stable Fourier-transform-limited single-axial-mode operation of an unstable-resonator Nd:YAG oscillator. The 10-Hz repetition-rate, 150-mJ, 9-nsec Q-switched Nd:YAG source operated with a measured 50-MHz bandwidth at i5-IvHz frequency jitter when injected with a low-power single-frequency pulse from aTEM 0 oomode Nd:YAG source.
pulses and was utilized in measurements. 6 However, in previous work, single-mode operation was not obtained at the Fourier-transform limit or with long-term frequency stability.
In this Letter we report successful operation of a Q-switched unstable-resonator Nd:YAG oscillator in a stable single axial mode with 50-MHz bandwidth and E5-MHz frequency stability. Output at 150 mJ per pulse at 10-Hz repetition rate in a 9-nsec pulse for a peak power of 16.7 MW was obtained. The key to achieving stable single-axial-mode operation was the application of injection locking in place of the more usual approach of using spectral-selective elements within the resonator cavity.
Before the use of injection locking, wve attempted to obtain stable single-mode operation by using intracavity 6talons aided by electronic control of the Q switch. Electronic line narrowing 5 permits improved spectral selectivity by providing multiple transits through the line-narrowing 6talons during the controlled microsecond buildup time. Careful attention to 6talon selection and transverse-mode control led to singleaxial-mode operation of the unstable-resonator Nd: YAG oscillator for 95% of the pulses but at a reduced output-pulse energy of 50 mJ. 6 Two factors severely limited the axial-mode selection within the unstable-resonator oscillator. The first, a result of the unstable-resonator geometry, is 6talon-induced loss and lack of full spectral selectivity. The second, a result of high pump levels required for efficient unstable-resonator operation, is the thermally induced birefringence in the Nd:YAG medium.
The unstable resonator has a spherically diverging wave in all sections of the resonator. The diverging wave is partially attenuated by the tilted 6talon, leading 0146-9592/80/030096-03$0.50o0 to spatial-mode asymmetry and lack of full spectral selectivity. 7 More-complex cavity arrangements utilizing polarization rotation, ring-resonator configurations, and normal 6talons were tried with some success, but the optical complexities introduced problems of alignment and axial-mode stability. Elimination of spatial hole burning by the use of quarter-wave plates at each end of the Nd:YAG rod 8 was essential for single-mode operation. However, the thermally induced birefringence resulted in residual spatial hole burning, which required the use of a much greater degree of spectral selection to force singleaxial-mode operation. These difficulties led to the consideration of injection locking as an alternative mode-selection technique. Despite appearances to the contrary, injection locking was found to be straightforward to implement and surprisingly effective as a means of axial-mode selection.
Injection locking has been used previously to obtain spatial-mode control and single-axial-mode operation of cw and pulsed laser sources. 9 -"1 However, the injection behavior for a Q-switched, high-gain Nd:YAG oscillator is significantly different from that for steady-state conditions that apply to cw laser oscillators.
A detailed discussion of the rate equations and numerical solutions will be published later. Here it is of more interest to compare qualitatively injection-locking behavior of cw and high-gain Q-switched laser oscillators.
In cw injection locking, the slave oscillator acts as a regenerative amplifier for the injected signal. If the frequency of the injected wave is detuned from the resonance of the slave oscillator, the output initially follows the injected frequency. At some detuning range, the injected wave no longer can force the slave oscillator gain below threshold for the slave oscillator resonant modes, and multimode oscillation occurs.
This case has been well studied by Buczek et al. 9 for the CO 2 laser system.
On the other hand, in high-gain Q-switched lasers, the steady-state injection-locking regime is not reached.
Instead, the injected wave and the initial noise signal at each axial-mode resonance of the slave oscillator (the unstable resonator) grow simultaneously on the-opening of the Q switch. The axial mode that dominates in the resultant output is that mode that first saturates the gain medium, thus supressing further growth at adjacent axial modes. The mode that dominates can be selected by the injected signal within limits set by the injected power level and the detuned frequency range. In addition, during the amplification process, the detuned injected wave experiences a rapid phase change, which results in a frequency shift toward the nearest axial-mode resonance of the slave oscillator. The result is a single-axial-mode output at a frequency determined by the slave resonator and not by the injected-wave frequency. Furthermore, the high gain during Q switching leads to a requirement for the injected-wave power that is somewhat greater than the initially present noise level. We expect and observe in practice that very low injected power levels do indeed lead to complete single-axial-mode selection of the slave oscillator and that the output frequency is determined by the slave-oscillator resonance. Similar behavior in the TEA CO 2 laser case has been observed by Lachambre et al.
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In transient injection locking, the detuning range for single-axial-mode operation in the high-gain Q-switched case is much wider than the frequency-locking range in steady-state injection locking. In practice this results in single-axial-mode operation for a wide, easily met injection-locking frequency-detuning range. Figure 1 is a schematic of the experimental setup. A TEMOO-mode stable-resonator Nd:YAG oscillator with a 35-cm-long cavity and an air-spaced 0.2-cm'1 freespectral-range 6talon with finesse of 5 was used as the single-axial-mode source. The TEM 0 0 -mode source was pulsed at 10 pulses per second and operated near threshold at 6-J flashlamp energy to minimize thermal effects in the 4-mm X 50-mm Nd:YAG rod. Quarterwave plates were used to eliminate spatial hole burning. An electronically controlled Q switch 5 was used to enhance single-axial-mode selectivity by allowing the oscillator to pre-pulse before opening the Q switch. This is, in a sense, a method of self-injection locking. The cavity length was controlled by a PZT transducer.
The Q-switch Nd:YAG slave oscillator was of standard design with a 6.3-mm X 50-mm-diameter Nd:YAG rod within a 60-cm-long confocal positive-branch unstable-resonator oscillator. 4 The cavity length was also controlled by a piezoelectric transducer. In addition, the Invar spaced-resonator structure was mechanically stable and compensated for thermal length expansion.
Injection locking was accomplished by injecting approximately 0.1% of the TEMOO-mode master oscillator non-Q-switched pre-pulse power into the unstable resonator through the dielectric polarizer element. The cavities were decoupled by attenuators and a quarterwave-plate polarizer optical isolator. Quarter-wave plates were also used in the unstable-resonator oscillator to eliminate spatial hole burning. The output optical spectra of the stable and unstable resonators were observed with both a scanning 2-GHz free-spectral-range Spectra-Physics confocal interferometer at 0.532 Am and a Fabry-Perot interferometer We also experimentally confirmed a prediction of the injection-locking theory for high-gain Q-switched operation that the output frequency is determined by the cavity resonance of the unstable-resonator slave oscillator and not by the injected frequency.
To make a quantitative measurement of the frequency detuning range versus injection power, we arbitrarily defined the injection-locking limit as operation with at least a 10:1 power ratio between the principal and adjacent axial modes. Figure 3 shows the detuning range versus input-injection power at two gain settings of the unstable-resonator source. Figure 3 shows that the injection detuning range is linearly proportional to the logarithm of the used injection levels. It also shows that injection locking is more readily accomplished at the high-gain condition for the unstable-resonator slave oscillator. Finally, an injection intensity as low as 0.1 W/cm 2 was adequate to ensure single-axial-mode operation of the unstable-resonator oscillator.
In conclusion, we have demonstrated that injection locking is a useful method for obtaining stable singleaxial-mode operation at high-output pulse powers from a Nd:YAG unstable-resonator oscillator. Our Invar stabilized-cavity structures provided minutes.of continuous single-mode operation without the need for length adjustments. Thus we expect that implementation of feedback circuits will lead to long-term frequency-stabilized output. The single-axial-mode operation of the high-peak-power unstable-resonator Nd:YAG source should greatly extend its usefulness for sub-Doppler spectroscopy across the extended wavelength range now accessible by nonlinear conversion techniques.
